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WING INCLUDING A COMPARISON WITH WIND-TUNNEL RESULTS 
By L. Stewart R o l l s  and David G. Koenig 
Ames Research Center 
SUMMARY 
The ground effect on an aircraft with a low-aspect-ratio Ogee wing was 
determined in flight and was compared with results for similar configurations 
determined in three wind tunnels. The maximum flight increments in lift coef- 
ficient and elevon angle for trim in ground proximity (ACL = 0.18 and 
A& = 4O trailing edge down) agreed with the values measured in all the wind 
tunnels. 
make successful landings. 
These ground effect increments did not affect the pilot's ability to 
INTRODUCTION 
Preliminary simulation tests of large low-aspect-ratio aircraft indicate 
that ground effects can drastically affect the pilot's landing performance. 
To study ground effects and their influence on landing characteristics, the 
flight test program on an existing low-aspect-ratio wing aircraft (ref. 1) was 
extended to supply data concerning ground effect. The extent to which wind- 
tunnel data on ground effect can be used to predict landing characteristics 
was also examined through a comprehensive wind-tunnel program in conjunction 
with the flight program. 
The flight investigation was made at the Ames Research Center with a 
Douglas F5D-l aircraft which had been modified to incorporate an Ogee wing 
planform. At the same time wind-tunnel tests were conducted in the Ames 
40- by 80-foot wind tunnel and the Lockheed 8- by 12-foot wind tunnel with 
ground boards, and in the Langley 7- by 10-foot wind tunnel, with a moving 
and a stationary ground belt. 
The flight-measured ground effect characteristics of the test aircraft 
are described in this report and the various wind-tunnel data are compared 
with the flight data. Data for the tests in the Lockheed tunnel were obtained 
from reference 2. 
10-foot wind tunnel data are unpublished and currently on file at the 
respective research centers. 
The Ames 40- by 80-foot wind tunnel and the Langley 7- by 
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l i f t  coef f ic ien t ,  l i f t / q s  
l i f t  coe f f i c i en t  a t  t r im  
mean aerodynamic chord, f t  
dis tance from mean aerodynamic chord t o  t h e  ground a t  
dynamic pressure,  lb / sq  f t  
Reynolds number based on mean aerodynamic chord 
wing area, sq f t  
angle of a t tack ,  deg 
elevon angle, deg 
a = 0, f t  
elevon angle f o r  t r im 
change i n  pi tching moment per  change i n  elevon angle 
DESCRIPTION AND TESTS 
Te s t A i r p  lane 
The a i r c r a f t  used f o r  these f l i g h t  t e s t s  w a s  t he  low-aspect-ratio d e l t a -  
wing Douglas F5D-1 which had been modified as described i n  reference 1 t o  
incorporate an Ogee planform. Figure 1 i s  a photograph of t he  a i r c r a f t  i n  
f l i g h t ,  and f igure  2 i s  a two-view sketch. Per t inent  dimensions of the  a i r -  
c r a f t  a r e  presented i n  t ab le  I, and the  flight-measured aerodynamic charac- 
t e r i s t i c s  of t h i s  modified a i r c r a f t  a r e  presented i n  reference 1. During 
these t e s t s  t he  weight of t he  a i r c r a f t  var ied from 21,000 t o  24,000 pounds 
and the  center  of g rav i ty  w a s  located a t  32 percent  of the  mean aerodynamic 
chord of t he  Ogee wing. 
F l igh t  Instrumentation 
P r io r  t o  t h e  f l i g h t  t e s t s ,  instruments were i n s t a l l e d  f o r  recording 
simultaneous measurements of airspeed, a l t i t u d e ,  normal and longi tudinal  
accelerat ion,  angles of a t t ack  and s ides l ip ,  cont ro l  pos i t ions ,  angular veloc- 
i t i e s ,  and t a i l -p ipe  t o t a l  pressure.  To minimize the  e r ro r s  i n  t h e  airspeed 
and angle-of-attack measurements, t he  sensing instruments were mounted on a 
nose boom 10 f e e t  long. This i n s t a l l a t i o n  w a s  not ca l ibra ted  but  a s imi la r  
i n s t a l l a t i o n  indicated the  e r ro r s  due t o  the  presence of t he  a i r c r a f t  t o  be 
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source of t h e  airspeed system i s  unknown, so t h e  ground reference s t a t i c  pres -  
sure  measured a t  t h e  tower and corrected t o  f i e l d  a l t i t u d e  w a s  used during 
these  t e s t s .  
The e f f e c t  of t h e  proximity of t h e  ground on t h e  s t a t i c  pressure 
A Lockheed Location Orientation Recording Instrument (LORI)  w a s  mounted 
v e r t i c a l l y  on t h e  lower surface of t h e  fuselage.  
r e f .  3 )  measured a i r c r a f t  height  above t h e  runway, r a t e  of change i n  height,  
ground speed, and p i t c h  angle.  
This system (described i n  
The accuracy of t h e  f l i g h t  instrumentation, based on a dynamic pressure 
of 100 lb / f t2 ,  i s  estimated t o  be 0.01 f o r  l i f t  coe f f i c i en t  and 0.0015 f o r  
drag coe f f i c i en t .  
F l igh t  T e s t s  
To measure t h e  ground e f f e c t  on t h e  a i r c r a f t  during f l i g h t ,  a s e r i e s  of 
runs was made along the  runway a t  various f ixed  heights and a t  constant air- 
speeds of 200, 175, 150, and 125 knots. The Reynolds number var ied from 
49~10~ t o  3 0 . 5 ~ 1 0 ~ .  
t o  35 f e e t .  A photograph taken during one run i s  shown i n  f igu re  3. The 
p i l o t  had no v i s u a l  a ids  t o  help him maintain a f ixed height;  however, t h e  
da ta  indicated they were unnecessary s ince t h e  p i l o t  maintained l e s s  than 
*1/2 foot  va r i a t ion  a t  t h e  lower heights  and &1-1/2 f e e t  a t  t he  higher 
heights .  The flight-measured parameters were converted t o  l i f t  and drag char- 
a c t e r i s t i c s  by t h e  method described i n  reference 4. 
These runs were made a t  main wheel heights from 1/2 foot  
During t h e  f l i g h t  tests the  LORI measurements defined t h e  dis tance from 
the  wheels t o  t h e  ground, and t h i s  dis tance w a s  converted t o  a mean aero-  
dynamic chord height  (h )  by adjust ing f o r  t he  normal dis tance from t h e  wheels 
t o  the  fuselage reference plane.  This procedure introduced a discrepancy i n  
h/E 
t a c t  a t  a = 0 ) .  This procedure i s  s imi la r ,  however, t o  t h a t  used during t h e  
wind-tunnel t e s t s  s o  t h a t  f l i g h t  and wind-tunnel da ta  a re  comparable. 
t h a t  increased with angle of a t t ack  (h/C = 0.28 a t  main wheel ground con- 
Wind-Tunnel Models 
The a c t u a l  a i r c r a f t  w a s  used as t h e  model i n  the  f u l l - s c a l e  t e s t s  con- 
ducted i n  t h e  Ames 40- by 80-foot wind tunnel .  For these t e s t s  t h e  a i r c r a f t  
w a s  mounted from t h e  landing gear, as shown i n  f igu re  4, and the  i n l e t  ducts 
were sealed and f a i r e d .  For t he  t e s t s  i n  the  Lockheed 8- by 12-foot wind 
tunnel  and the  Langley 7- by 10-foot wind tunnel,  t he  o r i g i n a l  0.15 sca l e  
model of t h e  F5D-l w a s  used. It w a s  loaned by t h e  Bureau of Naval Weapons, 
U. S. N a v y ,  and modified by Lockheed t o  conform with t h e  Ogee wing planform 
of t h e  a i r c r a f t  used i n  the  f l i g h t  tests.  
was mounted on s t r u t s  a t tached t o  t h e  model ahead and inboard of t h e  gear 
( f i g .  5 ) .  
t e s t e d  with both a moving ground b e l t  and a s t a t iona ry  ground b e l t .  
Lockheed and Langley tests, t he  i n l e t s  and fuselage e x i t  were unsealed. 
I n  t h e  Lockheed tunnel, t he  model 
I n  t h e  Langley t e s t s ,  t h e  model was  s t i n g  mounted ( f i g .  6 )  and w a s  
I n  t h e  
3 
Wind-Tunnel T e s t s  
In  each wind tunnel  a s e t  of l i f t ,  drag, and pitching-moment data w a s  
obtained a t  severa l  heights above the  ground plane.  
t e s t e d  varied from two i n  the  Lockheed tunnel t o  seven i n  t h e  Langley tunnel.  
In  addi t ion t o  t h e  bas ic  data  f o r  elevon angle of zero, data  were obtained f o r  
th ree  other  elevon def lect ions (one down and two up def lec t ions)  t o  obtain 
elevon effect iveness .  I n  the  Lockheed tunnel  out of ground e f f e c t  data  w e r e  
obtained with the  ground plane removed while i n  t h e  Ames and Langley tunnels 
the  g r e a t e s t  heights were considered t o  be out of ground e f f e c t .  It i s  
assumed t h a t  the  data  from each wind tunnel  have been f u l l y  corrected f o r  the  
necessary w a l l ,  flow angularity,  and t a r e  e f f e c t s .  
The number of heights 
FESULTS AND DISCUSSION 
Basic D a t a  
The flight-measured data  are presented i n  f igure  7 i n  the  form of varia- 
t ions  i n  angle of a t tack,  drag coeff ic ient ,  and trim elevon angle with l i f t  
coef f ic ien t .  
run; the  points  have been grouped according t o  constant height parameters, 
(h/E). 
wind tunnel, the  Lockheed 8- by 12-foot wind tunnel, and the  Langley 7- by 
10-foot wind tunnel, respect ively.  
Each da ta  point  represents a s t a b i l i z e d  point  during a low-level 
Figures 8, 9, and 10 present data  obtained i n  t h e  Ames 40- by 80-foot 
So these da ta  could be presented i n  t h e  same form, t h e  pi tching moments 
measured i n  the  wind-tunnel t e s t s  were converted t o  equivalent elevon angles 
and a r e  p l o t t e d  i n  f igures  8, 9, and 10. This equivalent elevon angle w a s  
obtained by dividing t h e  pi tching moment by t h e  elevon effect iveness  de te r -  
mined i n  the  same f a c i l i t y .  In  t h e  Lockheed t e s t s ,  only the outboard elevons 
were def lected while elevon effectiveness w a s  measured; whereas i n  the  f l i g h t  
t e s t s  and the other  two wind tunnels both t h e  inboard and outboard elevons 
were moved i n  unison. Consequently, the  Lockheed data  f o r  elevon ef fec t ive-  
ness and l i f t  due t o  elevon def lect ion have been increased by 32 percent 
( r a t i o  of elevon areas  and moment arms) t o  account f o r  the  inboard elevon 
def lect ion and t o  allow correlat ion with t h e  other  tests.  
The data  from t h e  t e s t s  i n  the  7- by 10-foot wind tunnel  showed no d i f -  
ferences with a f ixed  ground b e l t  and with the  moving ground b e l t ;  hence, 
only t h e  data  with t h e  b e l t  s ta t ionary  are shown. During these t e s t s ,  the  
sting-mounted model o s c i l l a t e d  occasionally; t o  prevent t h e  landing gear from 
contacting the  b e l t  during these osc i l la t ions ,  t h e  gear w a s  removed during 
t h e  low-height t e s t s .  However, the  data  shown were obtained during s t a b l e  
conditions. The data  on f igure  8 a r e  f o r  t h e  configuration with the  gear 
removed and the  drag data  have been corrected t o  include the  drag of t h e  gear 
D a t a  obtained with t h e  gear on and off indicated negl igible  e f f e c t  of the  
gear on t h e  lift o r  moment data .  
All four s e t s  of data  ( f igs .7- lo)  indicate  t h e  same general  influence on 
the  aerodynamic proper t ies  associated with operation near the  ground. There 
4 
i s  a d e f i n i t e  increase i n  l i f t - c u r v e  slope and i n  t h e  nose-down p i tch ing  
moment, as indicated by t h e  increase i n  elevon angle required f o r  trim. The 
changes i n  drag coef f ic ien t ,  however, are not so c l e a r l y  defined and the  
t rends vary s l i g h t l y  between the  four  tests.  
The elevon ef fec t iveness  is  a l s o  influenced by t h e  proximity of t h e  
ground. The magnitude of t h i s  e f f e c t  as measured i n  t h e  three  wind tunnels 
i s  shown i n  f igu re  11 at  angles of a t t ack  of loo and 15'. 
an increase i n  elevon effect iveness  as the  height w a s  decreased and an agree- 
ment between t h e  wind tunnels .  
not ind ica te  as la rge  an e f f e c t  of ground proximity as t h e  o ther  two tunnels;  
elevon effect iveness  w a s  higher and the  ground e f f e c t  g rea t e r  a t  t h e  lower 
angle of a t t ack .  The data  measured i n  t h e  Lockheed tunnel  have been corrected 
t o  account f o r  t h e  inboard elevon e f f ec t ,  as noted e a r l i e r .  
These da ta  show 
The Ames 40- by 80-foot wind-tunnel da ta  do 
Comparison of F l igh t  and Wind-Tunnel D a t a  
The l i f t  and drag cha rac t e r i s t i c s  measured i n  the  wind tunnels  have been 
corrected t o  t h e  trim condition and compared with t h e  f l i g h t  da ta .  These 
comparisons a r e  presented i n  f igures  12, 13, and 14  f o r  l i f t ,  drag, and elevon 
angle required f o r  trim, respect ively.  These comparisons ind ica te  a fair  
agreement between f l i g h t  and wind-tunnel data. During the  reduction of t he  
f l i g h t  data  it w a s  found t h a t  t he  angle measured by t h e  angle-of-attack sen- 
sor w a s  influenced by t h e  nearness of t he  ground. This e f f e c t  w a s  most 
noticeable a t  the  lowest height  and high angles of a t t ack .  Consequently, 
t h e  da ta  presented i n  f igu res  12, 13, and 14 f o r  an 
corrected f o r  t h i s  e f f e c t  using t h e  p i t c h  a t t i t u d e  da ta  obtained with t h e  
LORI camera and upwash da ta  measured i n  the  Ames 40- by 80-foot wind tunnel .  
This correct ion var ied l i n e a r l y  with angle of a t t ack  and w a s  minus 2' at  an 
indicated angle of a t t a c k  of 14'. 
h/F of 0.33 have been 
Various f ac to r s  might influence the  cor re la t ion  among a l l  these data;  
however, it i s  impossible t o  determine t h e i r  r e l a t i v e  s ignif icance.  There- 
fore ,  t h i s  repor t  w i l l  only l i s t  some of t he  f ac to r s  a f f ec t ing  the  cor re la -  
t i o n  of these da ta .  
40- by 80-foot wind-tunnel da ta  were obtained with the  i n l e t s  sealed and 
f a i r ed ,  while i n  t h e  o ther  two tunnel  programs the  i n l e t s  were open. 
f l igh t -drag  da ta  might be a f fec ted  by an uncertainty i n  the  nozzle coef- 
f i c i e n t  used i n  determining th rus t ,  because a recent ca l ib ra t ion  f o r  t h e  
probe-engine combination used w a s  not ava i lab le .  The differences between t h e  
f l i g h t  and wind-tunnel results f o r  t h e  elevon required f o r  trim are of t h e  
same magnitude shown e a r l i e r  i n  f l i g h t  t e s t s  on t h e  Ogee wing and reported i n  
reference 1. This increment i n  elevon angle i s  equivalent t o  an uncertainty 
i n  locat ing the  a i r c r a f t  cen ter  of grav i ty  of about 2 percent  of t h e  mean 
aerodynamic chord. 
tunnel  da ta  and the  Lockheed low speed tunnel  and t h e  Langley 7-  by 10-foot 
wind-tunnel data may be due t o  s t r u t  interference differences.  
The drag data  w i l l  be influenced by t h e  f a c t  t h a t  t h e  
The 
The d i f fe rence  between t h e  Ames 40- by 80-foot wind- 
The f l i g h t  da ta  a r e  summarized i n  f igu re  15. The changes i n  l i f t  coef- 
f i c i e n t  and p i tch ing  moment, i l l u s t r a t e d  by the  change i n  elevon angle 
required f o r  trim, are shown as a funct ion of t he  height  parameter (h/F) f o r  
5 
two values of angle of a t t ack .  
of a t t a c k  of l5', a change i n  l i f t  coe f f i c i en t  of about 0.18 and a p i tch ing-  
moment change equivalent t o  4' of up elevon angle is  experienced during a land- 
ing approach and touchdown. It should be pointed out  t h a t  t h i s  magnitude of 
ground e f f e c t  w a s  bare ly  noticed by t h e  p i l o t  and had no e f f e c t  on t h e  p i l o t ' s  
a b i l i t y  t o  perform landings.  
These da ta  ind ica te  t h a t  a t  an approach angle 
t 
Change i n  - 
L i f t  curve slope 
Location of aero-  
- _ L - -  
dynamic center  
Comparison With Theory 
- . - 
Calculated 
_ _  
0.017 
.038c 
_. -
The method of reference 5 has been used t o  ca l cu la t e  t he  changes i n  l i f t  
curve slope and loca t ion  of t h e  aerodynamic center  due t o  ground e f f e c t .  
method i s  based on s lender  wing theory which l i m i t s  i t s  appl ica t ion  t o  wings 
of very s m a l l  aspect  r a t i o .  While the  1.70 aspect  r a t i o  of t h e  wing i n  these 
t e s t s  undoubtedly exceeds the  l imi ta t ions  of t he  theory, nevertheless,  it w a s  
f e l t  t o  be of i n t e r e s t  t o  compare t h e  method with the  measured cha rac t e r i s t i c s  
presented herein.  To accommodate t h e  l imi t a t ions  of t h e  theory, t h e  wing plan-  
form shown i n  f igu re  16 was  adjusted as indicated.  
calculated and measured changes i n  cha rac t e r i s t i c s  due t o  ground proximity a re  
presented i n  the  following t a b l e .  The h/F f o r  t he  t h e o r e t i c a l  calculat ions 
i s  0.30, while t he  measured da ta  a r e  f o r  values of 
depending upon the  tunnel .  Since the  theory is  f o r  low angles of a t tack ,  t he  
This 
The comparisons of t h e  
h/F of 0.33 o r  0.34, 
Ames 40 x 80 
.027c 
a To compute t h e  s h i f t  i n  aerodynamic center  from f l i g h t  data  the  elevon 
effect iveness  as measured i n  the  Ames 40- by 80-foot wind tunnel  w a s  used. 
slopes f o r  the  lift curves were measured near 
reasonable agreement except f o r  t he  change i n  l i f t  curve slope measured i n  
f l i g h t  and i n  the  Ames 40- by 80-foot wind tunnel;  a l so ,  t h e  calculated 
results ind ica te  a more rearward s h i f t  i n  t h e  loca t ion  of t he  aerodynamic cen- 
t e r  than w a s  measured. The calculated and wind tunnel  results are f o r  t he  
untrimmed condition, while t he  f l i g h t  da ta  a r e  f o r  t h e  trimmed condition. 
a = 6'. This comparison shows 
CONCLUDING REMARKS 
Fl ight  and wind-tunnel t e s t s  t o  determine the  ground e f f e c t  on an 
a i r c r a f t  with a low-aspect-ratio Ogee wing indicated fa i r  degree of agreement. 
The magnitude of t h i s  ground e f f e c t  w a s  exhibi ted by (a t  wheels touchdown) a 
trimmed l i f t  increment of about 0.18 i n  and a nose-down p i tch ing  moment 
6 
CL 
0 requiring 4 
This ground e f f e c t  w a s  barely noticed by t h e  p i l o t  and had negl igible  e f f e c t  
on the  p i l o t ' s  a b i l i t y  t o  perform landings. 
of up elevon angle f o r  trim a t  an a i r c r a f t  angle of a t tack  of 15'. 
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TABLE 1 . DIMENSIONAL DATA FOR THE F5D-1 ALRPLANE: WITH AN OGEE PLANF’ORM WING 
. . . . . .  .. . . .  
I ~ _- . - . .  .- . -  
Wing 
Area, s q f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mean aerodynamic chord, f t  . . . . . . . . . . . . . . . . . . . .  
Incidence a t  root,  deg . . . . . . . . . . . . . . . . . . . . . .  
Geometric t w i s t ,  deg . . . . . . . . . . . . . . . . . . . . . . .  
Sweep 
Leading edge a t  root ,  deg . . . . . . . . . . . . . . . . . . . .  
Leading edge, minimum, deg . . . . . . . . . . . . . . . . . . .  
Area aft of hinge l i n e  (one s i d e ) ,  sq f t  . . . . . . . . . . . . .  
Area a f t  of hinge l i n e  (one s i d e ) ,  sq f t  . . . . . . . . . . . . .  
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Figure 1.- Photograph of t h e  t e s t  aircraft i n  f l i g h t .  
-- I 
Figure 2 . -  Two-view sketch of t e s t  airplane. 
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Figure 3 . -  F5D a i rp lane  during a low, l e v e l  run along t h e  runway. 
A-34494 
Figure 4.- F5D a i rp lane  mounted i n  the  Ames 40- by 80-foot wind tunnel.  
Figure 5.  - Model mounted i n  Lockheed tunne l  (model shown p r i o r  t o  i n s t a l l a t i o n  
of Ogee planform). 
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Figure 6 . -  Model as t e s t ed  i n  Langley tunnel.  
e- 
m- 
Figure 7.- Flight data at various heights above ground. 
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Figure 8.- Basic data  from t e s t  of a i rplane i n  Ames 40- by 80-foot wind tunnel; 
g = 35 lb per  f t 2 ,  R = 24~10~. 
Figure 9.-  Basic data from test of a 0.15 scale model in Lockheed 8- by 12-foot 
subsonic tunnel; q = 60 lb per f t2 ,  R = 4.4~10". 
Figure 10 . -  Basic data from t e s t  of a 0.15 scale  model i n  Langley 7-  by 10-foot 
wind tunnel; q = 9.0 lb per  ft2, R = 1.7~10". 
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Figure 11.- Variation of elevon effectiveness with height for two values of 
angle of attack. 
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Figure 12.- Lift characteristics at several heights above ground. 
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Figure 13. - Drag characteristics at several heights above ground. 
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Figure 14. - Trim characteristics at several heights ‘above ground. 
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Figure 1.5.- The flight-measured va r i a t ion  of incremental l i f t  and elevon 
def lec t ion  f o r  t r im  with height  above ground. 
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Figure 16.- Changes made to planform to facilitate the theoretical calculation 
of lift and moment. 
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